) makes it exceedingly difficult to determine how pacemaker properties affect a network output. Thus, in many mammalian neuronal systems it remains controversial whether these properties are indeed essential for generating a given activity pattern (e.g., Shu
P5. This is in contrast to the age range P6-P10, where (2) at every examined age, it is more likely to record from a Cd-insensitive pacemaker neuron; and (3) it is we found 9.5% Cd-sensitive pacemakers (n ϭ 388). At the age range P11-P15, 8.5% of the recorded neurons less likely to record from Cd-sensitive pacemaker neurons in neonatal mice (P1-P5) compared to more ma-(n ϭ 82) had Cd-sensitive pacemaker properties. A developmental change was also observed in the reture mice. cordings from Cd-insensitive pacemakers ( 2 ϭ 0.017). For the age ranges P1-P5, P6-P10, and P11-P15, we Differential Blockade of Respiratory Pacemaker Neurons found 20%, 16%, and 29% Cd-insensitive pacemaker neurons, respectively. It must be emphasized that the We next tested whether bursting by Cd-insensitive and -sensitive pacemaker neurons could be blocked by above statistics are based on our recording sample, which does not reflect the actual distribution of the difmore specific ion channel blockers. Riluzole (20 M) has been shown to block the persistent sodium current in ferent types of respiratory neurons. For the present study, we recorded preferentially from pacemaker neurespiratory neurons (Del Negro et al., 2002b). At this concentration, riluzole did not block pacemaker activity rons that we often preliminarily recognized in the cellattached mode. Thus, our recording sample is not reprein any of the examined Cd-sensitive pacemaker neurons ( Figure 3A ; n ϭ 8). In contrast, riluzole abolished bursting sentative of the prevalence of pacemaker neurons within the respiratory network. While we recorded preferenbehavior in the majority of Cd-insensitive pacemaker neurons (71%; n ϭ 31; Figure 3B , upper traces). Howtially from pacemaker neurons, we randomly sampled these neurons throughout the slice using the blind patch ever, the mean membrane potential measured as baseline potential of these neurons was not significantly altechnique. Recordings for the present study were obtained in depths ranging from 50-300 m. Although our tered by riluzole (103.4% Ϯ 3.6% of control; n ϭ 22). In the presence of riluzole, nine Cd-insensitive pacemaker recording efforts were targeted toward pacemaker neurons, the likelihood of obtaining a pacemaker neuron neurons became silent (41%), and thirteen became tonic (59%). Intracellular depolarizing and hyperpolarizing recording from a given slice was rather slim (less than 10%). Because of the low probability of recording from current injections into these pacemaker neurons revealed the absence of voltage-dependent bursting a pacemaker neuron, it is impossible to assess whether the age distribution shown in Figure 2 holds true for properties under these pharmacological conditions. An example of the absence of voltage-dependent bursting any given preparation. However, our recording sample allows us to conclude that (1) both types of pacemaker in the presence of riluzole is shown in Figure 3C . This confirms findings as previously published by Del Negro neurons exist at every examined developmental range; Figure 5A , upper traces). However, in two Cd-sensitive pacemaker neurons, bursting was clearly bursting was abolished rather than induced by cadmium, it is highly unlikely that a washout of calciumdisturbed but persisted in FFA. Pacemaker activity in these two neurons was abolished by Cd 2ϩ ( Figure 5A , dependent mechanisms through dialysis is responsible for their bursting. Thus, these Cd-sensitive pacemaker lower traces). As quantified in Figures 5C-5E for all Cdsensitive pacemaker neurons, 500 M FFA significantly neurons' behavior was the opposite of that of the nonpacemaker neurons, in which bursting was induced by reduced burst duration and frequency but did not block the ability to generate action potentials ( Figure 5E ). FFA reducing extracellular calcium (see Figure 1C) . However, in order to confirm that the described pacemaker prop-(500 M) did not eliminate pacemaker activity in any of the examined Cd-insensitive pacemaker neurons (Figerties would occur also under conditions when the cell content was completely undisturbed, we performed adure 5B; n ϭ 13). All examined parameters were unaffected by FFA in Cd-insensitive pacemaker neurons ditional extracellular recordings. The same neuronal cell types were observed extracellularly as described above (Figures 5B-5E ).
The use of the whole-cell patch-clamp technique alfor intracellular recordings. Inspiratory pacemaker neurons, as shown in Figures 6A and 6B , continue to burst ways raises the concern that membrane properties are altered and that bursting capabilities are introduced in the presence of the cocktail. This extracellularly recorded bursting activity could be abolished by either through dialysis of the intracellular milieu. This issue is of particular concern when discussing a mechanism that riluzole ( Figure 6A ) or FFA ( Figure 6B ), suggesting that the heterogeneity in bursting properties is unlikely to be involves intracellular calcium. Here, the intracellular solution that was used to record from pacemaker neurons due to conditions potentially introduced in conjunction with the whole-cell configuration. The boxplots shown under whole-cell conditions contained 1 mM CaCl 2 and 10 mM EGTA to mimic a natural intracellular calcium in Figures 6C-6E parameters showed statistically significant differences Figures 7A and 7C ) of fictive respiratory population activity but had no significant that the variability was due to differences in the quality of intracellular recordings. The evidence that the different effect on frequency and irregularity of rhythmic activity. We did not observe any significant developmental pacemaker properties are not introduced by whole-cell recordings is further supported by the finding that intrachange on the effects of riluzole (P1-P5, n ϭ 4; P6-P10, n ϭ 6; P11-P15, n ϭ 3) or on the effects of bath-applied cellularly recorded membrane properties were not altered at any time after obtaining the whole-cell configu-FFA or lanthanum. FFA (500 M) significantly reduced the respiratory frequency and burst area to 81.2% and ration ( Figures 6F and 6G) . As quantified for the initial 5 min of intracellularly recorded Cd-sensitive pacemaker 53.5% of control, respectively, but did not affect the regularity of rhythmic activity (P1-P5, n ϭ 4; P6-P10, neurons (n ϭ 7; Figure 6G ), neither membrane potential, drive potential, nor action potential frequency changed.
n ϭ 8; P11-P15, n ϭ 4; Figure 7B ). This network effect was mimicked by 100 M lanthanum, another blocker of respiratory bursting was unaffected (P1-P5, n ϭ 2; P6-P10, n ϭ 2; P11-P15, n ϭ 3). Unperturbed control of the CAN current. This agent has a different pharmacology than FFA and reduced the burst area and frepreparations that were identically treated but not exposed to riluzole, FFA, or lanthanum showed no signifiquency of respiratory network population activity to 88.3% and 72.6%, respectively, while the irregularity cant changes in burst amplitude (104.5% of control), Figure 8A , upper traces), while 69% of the Cd-insensitive pacemakers sensitivity and persistence in hypoxia was not significant in the riluzole-insensitive subgroup (p ϭ 0.218). This is maintained rhythmic activity in hypoxia (n ϭ 25 of 36; Figure 8A , lower traces). Thus, in hypoxia only Cd-insenconsistent with the presence of redundancy between riluzole sensitivity and persistence in hypoxia as classifisitive pacemakers remained rhythmically active. Of these, 88% were riluzole sensitive (n ϭ 22 of 25; Figure  ers for a specific pacemaker subpopulation, as suggested by the strong interaction between the two. Simi-8A, lower traces), while only 27% of the Cd-insensitive pacemakers that shut off in hypoxia were riluzole sensilarly, the interaction between riluzole sensitivity and cadmium sensitivity could not be assessed in the hyptive (n ϭ 3 of 11).
To statistically assess the association between the oxia-persisting group (which contained no Cd-sensitive cells) and was not significant in the hypoxia-abolished persistence of rhythmic activity in hypoxia and the sensitivity of pacemaker activity to cadmium or riluzole, we group (p ϭ 0.218). The contingency hypoxia, and vice versa (p Ͻ 0.001). We further quantita-15), rendering them silent until a return to normoxia restored bursting activity. In contrast, neither FFA alone tively analyzed the burst frequency of Cd-sensitive (n ϭ 6) and Cd-insensitive pacemakers (n ϭ 7) that were (n ϭ 4; Figure 8D ) nor lanthanum alone (n ϭ 4) blocked respiratory activity in hypoxia. exposed to the same duration of hypoxia. The quantification of burst frequency over 10 min of hypoxic conditions is plotted in Figure 8B .
Discussion (Figure 8E ), thus supporting our conmade in the present study are not dependent on the clusion that respiratory activity is driven only by these discrimination between the two possibilities, i.e., whether Cd-insensitive pacemaker neurons during hypoxia. the two types of pacemaker neurons result from different Consistent with this hypothesis, we demonstrate that modulatory actions or from two morphologically distinct riluzole is sufficient to block the respiratory activity durtypes of pacemaker neurons, this is an intriguing possiing hypoxia but not during normoxia. This is an intriguing bility that would be consistent with the idea that the finding, because the respiratory activities generated respiratory network is highly modulatable. Our reduring normoxia and hypoxia have fundamentally differcordings also revealed that Cd-insensitive pacemaker ent properties. We have previously proposed that, neurons sometimes exhibited changes in their bursting based on characteristics of burst shape, burst duration, activity upon blockade of calcium currents with Cd 2ϩ , and burst frequency, the activity during normoxia repreindicating that several cationic conductance mechasents eupneic activity, while the activity that is genernisms operate in a given cell and contribute to the rhythated during hypoxia represents gasping (Lieske et al., mic bursting. The same may also be the case for Cd-2000) . Here, we propose that the transition from eupnea sensitive pacemaker neurons. Here, we used differential to gasping is accompanied by a reduction in pacemaker pharmacology to assess the potential roles of pacediversity, such that during anoxia gasping is driven only maker neurons in respiratory rhythm generation and proby Cd-insensitive pacemaker neurons. The riluzole expose that the respiratory network changes its configuraperiments further suggest that gasping depends on tion during the transition from normoxia to hypoxia. The situation seems to be more complex during norsignificantly modify the heretofore prevailing concept moxia. Not only is the pacemaker population heterogethat it is a single ionic mechanism (i.e., the persistent neous, but both expiratory and inspiratory nonpacesodium current) that is primarily responsible for respiramaker neurons also likely contribute to respiratory rhythm tory rhythm generation. This has the important consegeneration. It is therefore not surprising that in our exquence that attempts to falsify the pacemaker neuron periments both riluzole and flufenamic acid were neceshypothesis by manipulating only the persistent sodium sary to block respiratory activity. While our finding current (Del Negro et al., 2002b) 
